Modeling the Role of Homologous Receptor Desensitization in
E xtracellular clues that direct the migration of cells are involved in many biological processes including the immune response (1) and cancer metastasis (2) . In addition to the complex nature of the migration process itself (3) (4) (5) (6) (7) (8) , another layer of complexity stems from the spatial and temporal presentation of the guiding extracellular chemoattractant gradients. It is now clear that most if not all leukocytes and neoplastic cells have the capacity to respond to multiple different chemokines and other attractants (9, 10 ) and that they must be able to integrate or interpret multiple chemoattractant gradients to direct their navigation in vivo (11, 12) . Defining the mechanisms by which cells effectively navigate through such complex gradient fields would advance our understanding of cell migration and chemotaxis at the system level.
Previous studies using under agarose assays showed that neutrophils preferentially migrate toward a distant chemoattractant source in competing gradients of two chemoattractants (11, (13) (14) (15) . Similar observations were reported in a study using a microfluidic device that can produce stable concentration gradients with well-defined shapes (16) . In these studies, IL-8 and leukotriene B 4 (LTB 4 ) 3 were selected to generate competing gradients. The preferred chemotactic migration toward the distant gradient in competing gradients has been proposed to be a mechanism allowing leukocyte and possibly other eukaryotic cells to find their ultimate target in complex gradient microenvironment through multiple steps (i.e., multistep chemotactic navigation) (11, 14) .
Many of the most potent cellular chemotactic signals are processed by ligand-specific receptors of the G-protein-coupled receptor family. All G-protein-coupled chemoattractant receptors studied to date undergo ligand-dependent receptor desensitization (17) , in which ligand-bound receptors are turned off after a transient period of signaling. The universality of homologous receptor desensitization suggests that it is a critically important property of chemoattractant receptors and yet several studies have shown that mutated chemokine receptors that are unable to be desensitized by ligand nonetheless mediate efficient chemotactic responses, comparable to those directed by wild-type receptors (18, 19) . However, these assays focused on chemotaxis in a single gradient whereas complex gradient fields are more likely the norm in physiologic settings. The potential significance of homologous receptor desensitization for chemotactic navigation in complex gradient environments has not been tested, either experimentally or through existing models for cell gradient sensing and chemotaxis (20 -22) . Notably, although several studies have attempted to approach multistep chemotaxis using stochastic models, the cellular mechanisms involved have not been considered (23, 24) . Here, we consider the hypothesis that ligand-induced homologous receptor desensitization may be essential for chemotactic navigation in competing attractant fields, providing the key to the ability of cells to integrate signals effectively, to preferentially orient to distant or newly arising agonist sources (11, 14) , and to undergo regulated repositioning between chemoattractant-defined microenvironmental domains. We describe and apply a model of cellular chemotactic orientation to examine the role of receptor desensitization and recycling. The results suggest that homologous receptor desensitization mechanisms are essential for chemotactic navigation.
Results

Establishing a model for receptor-mediated orientation
We adapted models from previous studies to describe the dynamics of ligand-induced receptor modifications (25) . We first consider ligand-induced homologous receptor desensitization and recycling of a model cellular unit in a uniform ligand field. In brief, the cell is modeled as a geometry-free receptor-expressing unit. At the beginning of the process, receptors for the ligand are expressed on the cell surface. Upon ligand binding, receptors form receptor-ligand complexes and are activated to signal. The activated receptor-ligand complexes are then rapidly desensitized, a process associated with conversion of complexes from the low-affinity state to the high-affinity state. Desensitization is followed by a relatively slow process of receptor internalization and recovery. The internalized ligand is assumed to be degraded in a process that is irrelevant to orientation; in the model, dissociation of the internalized receptor-ligand complex is thus assumed to be instantaneous. On the other hand, since previous studies suggest that ligand binds almost irreversibly to desensitized receptors, dissociation of ligand from desensitized receptors on the cell surface is assumed to be negligible and is not considered in the current model (25) . This process is illustrated in the diagram below.
L ligand concentration; R free surface receptors; R i intracellular free receptors; LR* active (signaling) receptor-ligand complex; LR d desensitized receptor-ligand complex; LR i internalized receptor-ligand complex; k f ligand receptor association rate; k r1 low-affinity ligand receptor dissociation rate; k des desensitization rate; k i internalization rate; k up up-regulation rate;
The kinetics of this process is described by a standard series of ordinary differential equations.
The total number of receptors R tot , and the ligand concentration L are considered constants, providing the boundary conditions for the system.
The initial conditions for the system are configured as follows:
Thus, the values of the variables R, R i , LR*, and LR d (here only three of these variables are independent variables due to total receptor conservation in Equation 4) at different time points can be determined by solving the differential equations as described above. Using this simple model as a building block, we construct a model for cell gradient sensing in one-dimensional (1-D) ligand gradients. The cell is now modeled as two receptor-expressing units representing the front and the back of the cell. The two units are connected by an isolating string representing the length of the cell, l ϭ 10 m. Initially, the front and back unit express an equal number of surface receptors (i.e., 25,000 receptors for each unit). The ligand concentration for each unit is determined by the location of the cell and the profile of the ligand gradient. The ligandinduced receptor modifications at the front and the back unit are considered local events as described previously. Thus, internalized receptors from the front or the back unit are only allowed to be recycled back to the same side of the cell.
In a 1-D single gradient of ligand L, actively signaling ligandreceptor complexes LR* for the front and the back units of the cell in response to L are calculated. Then the difference of LR* between the two units of the cell is obtained to determine the orientation of the cell: ⌬LR* ϭ LR * front Ϫ LR * back (10) As the model is one-dimensional, cell orientation is considered binary. Issues of threshold levels of signaling (magnitude of ⌬LR*) required for effective orientation are considered below. Previous studies of the chemotactic orientation of neutrophils to the chemotactic peptide N-formyl-norleucyl-leucyl-phenylalanine suggest that the cell can orient and chemotax in response to a ϳ1% ligand concentration difference across the cell length at the optimal concentration that is close to the dissociation constant k d and that the receptor occupancy difference across the cell length required for robust chemotactic orientation can be as low as 10 receptors (26) . Moreover, it has been suggested that the fluctuation of ligand concentration sensed by the cell around the k d due to the stochastic receptor-ligand binding is of about the same order (27) . Based on these considerations, we assume that a differential signaling receptor occupancy across the cell length of ϳ10 would be required for orientation, and we define a threshold of ⌬LR* Ն 10 for chemotactic orientation in our model. If ⌬LR* is less than 10, the cell is considered to orient randomly.
In 1-D competing gradients of two different ligands, L 1 and L 2 , the model cell is allowed to express two sets of ligand-specific receptors, R1 and R2, each equally represented in the front and the back unit. The two sets of receptors bind to their ligands and undergo receptor modifications using the formalism as described above. The total signaling ligand-receptor complexes are calculated for the front and the back units of the cell in response to the local concentrations of L 1 and L 2 . Here we assume the front unit is always the right edge of the cell. LR * front ϭ LR1 * front ϩ LR2 * front (11) LR * back ϭ LR1 * back ϩ LR2 * back (12) Then the total difference of signaling LR* (⌬LR* total ) between the two units of the cell is obtained:
⌬LR * total ϭ LR * front Ϫ LR * back (13) This definition is equivalent to the scalar sum of signaling ⌬LR* to the gradients of L 1 and L 2 (⌬LR * total ϭ ⌬LR1* ϩ ⌬LR2*; ⌬LR1* ϭ LR1* front Ϫ LR1 * back ; ⌬LR2* ϭ LR2 * front Ϫ LR2 * back ). Although different G-protein-coupled receptors can potentially trigger distinct downstream signaling events, here we assume that pathways triggering orientation are shared. Thus in our model, ⌬LR* total determines the chemotactic orientation of the cell in response to the combined gradients of L 1 and L 2 .
For the configurations of competing ligand gradients considered in the model, the cell will orient up the gradient of L 1 if ⌬LR * total is positive or up the gradient of L 2 if ⌬LR * total is negative.
In our model, we consider fixed 1-D gradients, and the general gradient profile is approximated using a power function:
where L max is the highest ligand concentration at one border of the region; L 0 is the lowest (basal) concentration and is set to zero at the opposite border for simplicity; x is the position in the gradient region; W is the width of the functional gradient region and is set to 1 mm; n is the power representing the nonlinearity of the gradient (n ϭ 3 in our examples below). A nonlinear gradient is chosen because it is likely to be encountered by cells in vivo and in many in vitro chemotaxis assays. In the model, the gradient of L 1 is set to increase from the left to the right over the 1 mm gradient region while the gradient of L 2 is configured in the opposite direction with the same characteristics (i.e., same L max and n).
Modeling cell orientation in a single gradient
Having the model established, we wanted to examine the role of ligand-induced homologous receptor desensitization in cell gradient sensing in single and competing ligand gradients. The values of the parameters used in the model are listed below, and the kinetic rates are adapted from the literature in experimental studies of formyl peptide receptors on neutrophils (25, 28, 29 The low-affinity dissociation constant k d of 4.4 nM is determined from the ratio of k r to k f . L max is chosen so that the average ligand concentration in the modeled region is equivalent to the k d .
We first tested the model in a gradient of a single ligand. The orientation of the cell is determined by the difference in the number of active receptor-ligand complexes across the cell length (Fig.  1A) . Compared with the total number or receptor-ligand complexes (i.e., total LR ϭ LR* ϩ LR d ) in the front and the back of the cell, the number of active receptor-ligand complexes LR* is dramatically reduced because of rapid desensitization but relatively slow recycling and up-regulation of the surface receptors ( Fig. 1A; x ϭ 0.2W in this example).
We calculated the ⌬LR* (the orientation signal) of cells at equilibrium (d ⌬LR*/dt ϭ 0) as a function of position in the single ligand field (Fig. 1B) . In the context of our model, both normal desensitizable receptors and nondesensitizable receptors effectively orient the model cell toward the agonist source; the model cell can sense the gradient in a large area of the left side of the gradient region (⌬LR* Ն 10). In the right side of the gradient The threshold of ⌬LR* for orientation is set to 10 (shaded region). Dashed lines indicate the predicted stable regions of random migration (where ⌬LR* is below the threshold and the cell will be drawn back if it migrates into the surrounding orienting regions). Asterisks indicate an unstable region of poor orientation (⌬LR* is below the threshold but the cell will be directed away from these zones if it migrates into the orienting region).
region, where the cell experiences high agonist concentrations, nondesensitizable receptors, but not the normal receptors, can mediate cell orientation up the gradient. Moreover, the orientation signal ⌬LR* to the gradient is in fact substantially higher for the cell expressing nondesensitizable receptors. These results are consistent with experimental studies showing comparable or even higher levels of chemotaxis of cells mediated by nondesensitizable receptor mutants (18, 19) .
Modeling the role of desensitization in cell orientation and positioning in competing gradients
The consequences of the nondesensitizable mutant phenotypes of the receptor, however, are dramatically different in the setting of competing gradients of two ligands. The gradient configuration modeled is illustrated in Fig. 2 . At the equilibrium state, we compare the orientation of the model cell expressing desensitizable R1 receptors to L 1 , and desensitizable or nondesensitizable R2 receptors to L 2 in competing gradients of L 1 and L 2 . Our results show that a model cell in the left side of the gradient region can orient toward the distant gradient of L 1 (⌬LR * total Ͼ 10 for cells at ϳ0 -0.3W) and (symmetrically) the cell in the right side of the gradient region can sense the distant gradient of L 2 (⌬LR * total Ͻ Ϫ10 for cells at ϳ0.7-1W) if the cell expresses wild-type (desensitizable) receptors for both ligands (Fig. 2A) . In the area close to the midpoint of the gradient region, ⌬LR* total is below the threshold of ϳ10 receptors for orientation, indicating that the cell cannot establish a preferred orientation to either gradient because the signals from the two sources are balanced (we consider this a target zone or a region for probable random migration; see Fig. 2A ). In contrast, if the cell expresses desensitizable receptors for L 1 but nondesensitizable receptors for L 2 , then the cell can no longer effectively sense the gradient of L 1 (Fig. 2B) ; ⌬LR * total is negative regardless of the cell's position in the field, indicating orientation to the nondesensitizing agonist. Additionally, if the cell expresses nondesensitizable receptors for both L 1 and L 2 , the model predicts preferred orientation of the cell toward the closest agonist source: a model cell in the left side of the gradient region orients toward the local gradient of L 2 (ϳ0 -0.5W) and (symmetrically) the cell in the right side of the gradient region orients to the local gradient of L 1 (ϳ0.5-1W) (Fig. 2C) .
When the cell is located equidistant to both sources (i.e., x ϭ 0.5W), and the gradients are again of equal magnitude, the cell expressing desensitizable receptors integrates the two signals, resulting in no net orientation (⌬LR* total ϭ 0 at 0.5W at equilibrium; Fig. 2A ). From this example it can be seen that cells expressing normal desensitizable receptors for two competing gradients will seek an intermediate position between the agonist sources; in the case of real cells, they would be expected to undergo random migration within a central area between balanced attractant fields, being drawn back to the center each time they In each case, ⌬LR1* to L 1 gradient, ⌬LR2* to L 2 gradient, and ⌬LR * total at equilibrium are compared as a function of position. The shaded area indicates ⌬LR* total levels below the threshold for orientation, set at Ϯ10. Above each plot is a summary of predicted cell orientation and positioning at equilibrium: Arrows indicate the orienting zones (where ⌬LR* total is above the threshold). Dashed lines indicate predicted target zones, stable regions of random migration (where ⌬LR* total is below the threshold and the cell will be drawn back if it migrates into the surrounding orienting regions). Asterisks indicate an unstable region of poor orientation (⌬LR* total is below the threshold but the cell will be directed away from these zones if it migrates into the orienting region). A, Equilibrium orientation of a cell expressing normal receptors to L 1 and L 2 (normal R1 and R2). ⌬LR * total is below the threshold for effective orientation within the parenthesis. B, Equilibrium orientation of a cell expressing normal R1 and nondesensitizable R2 receptors. C, Equilibrium orientation of a cell expressing nondesensitizable receptors to both L 1 and L 2 (nondesensitizable R1 and R2). The arrow indicates the unstable central position at which cells expressing nondesensitizable receptors experience no net orientation signal.
stray. Such a stable region of random migration can be considered a target zone. In contrast, for the cell expressing normal R1, but nondesensitizable R2, at the mid-point of the gradient region, a net orientation toward the nondesensitizing gradient of L 2 is predicted (Fig. 2B) . If both receptors for L 1 and L 2 are nondesensitizable, an unstable equilibrium can form at the mid-point of the gradient region (Fig. 2C) ; however, in contrast to the cell expressing normal receptors, these cells will migrate away from the equilibrium position each time they stray from center (which cells would normally do due to chemokinesis). Thus wild-type and nondesensitizable receptors have diametrically opposing effects on cellular orientation responses in competing gradients.
To test the effect of relative kinetic rates of receptor desensitization and recycling on cell gradient sensing in competing gradients, we compare the equilibrium orientation signal for a range of kinetic rates of receptor desensitization (k des ), internalization (k i ) and up-regulation (k up ). When k i and k up are fixed at 0.0033 s Ϫ1 and 0.004 s Ϫ1 , respectively, and k des is varied for both R1 and R2, the cell orients toward the local gradient at k des ϭ 0 and can sense the distant gradient as k des increases (i.e., k des ϭ 0.00065 s Ϫ1 , 0.0065 s Ϫ1 , 0.065 s Ϫ1 ) (Fig. 3A) . When k des continues to increase (i.e., k des ϭ 0.65 s Ϫ1 , 6.5 s Ϫ1 ), the orientation signal even at optimum is below the threshold, and the cell is predicted to orient randomly (Fig. 3A) . These results suggest that receptor desensitization within an appropriate range is required for cell orientation to the distant gradient in competing gradients. Similarly, when k des is fixed at 0.065 s Ϫ1 and either k i or k up is varied for both R1 and R2, the orientation signal for the cell is below the threshold at low k i or k up , but cells will orient to the distant gradient in competing gradients at high k i or k up (Fig. 3, B and C) . However, the cell cannot sense the distant gradient if k i and k up are both so high in relation to k des that receptors are recycled almost as soon as they are desensitized (data not shown). These results indicate that receptor recycling at an appropriate rate relative to receptor desensitization is important for cell orientation to the distant gradient in competing gradients as well.
Previous study has shown that modest changes in receptor expression levels can have dramatic effects on cell positioning within chemoattractant-defined environments. For example, a 2-to 4-fold change in expression of certain chemokine receptors during activation of B lymphocytes can target them from the B zone follicles to the junctional zone between T and B cell areas in secondary lymphoid tissues (12) . We were therefore interested in modeling the effects of different receptor numbers on the equilibrium positioning of a model cell in balanced competing ligand gradients (Fig. 4) . As above, the central positions at which the net orientation signal is below the threshold ( ⌬LR* total Ͻ 10) are indicated; these regions are assumed to represent a target zone within the static gradient fields modeled. The cell is allowed to express 2 or 4 times more total receptors for L 1 than L 2 (i.e., R1 ϭ 2R2 or R1 ϭ 4R2; R2 is fixed at 50,000). In this situation, we calculated the shift of the equilibrium position in the gradient fields. Our results show a significant shift of the equilibrium position (⌬LR* total ϭ 0) toward L 1 , for which the cell expresses more receptors (ϳ50 m shift from 0.5W for R1 ϭ 2R2 and ϳ100 m shift from 0.5W for R1 ϭ 4R2) (Fig. 4A) . Furthermore, the target zones, to which a migrating cell would be drawn, shifts toward L 1 when R1 level increases (Fig. 4B) ; the shift occurs primarily on one side of the target zone, in essence narrowing the zone by enhancing the orientation response to L 1 . Thus, the equilibrium position of a migrating cell expressing normal receptors is predicted to depend on the relative number of receptors expressed specific for the two agonists. In contrast, the ability of regulated receptor numbers to modulate cell positioning by balancing two gradients is severely impaired when one receptor (R2) is nondesensitizable; ⌬LR* total remains negative for all positions in the gradient region and thus an equilibrium position could not be reached (⌬LR* total Ͻ 0 for R1 ϭ R2, or R1 ϭ 2R2, or R1 ϭ 4R2; R2 is fixed at 50,000) (Fig. 4C) . If the cell expresses nondesensitizable receptors for both L 1 and L 2 , the unstable equilibrium position dramatically shifts from the mid-point toward L 2 when R1 level increases; in all cases, however, the cell will ultimately target either one source or the other, since the equilibrium positions in this setting are unstable. Parallel results were obtained for all three situations if R1 is held constant at 50,000 and R2 is reduced (data not shown). Thus, homologous receptor desensitization allows cellular positioning within attractant fields to be regulated as a function of receptor expression levels.
In the example cited above of lymphocyte subset positioning in lymphoid tissues, and likely in other physiologic settings, cells normally occupy particular domains within tissues (e.g., in lymph nodes resting B cells occupy follicles, whereas T cells occupy paracortical zones), while being excluded from adjacent domains to which other cells home. We asked whether regulation of receptor numbers could control access of cells to adjacent domains of uniform chemoattractant concentration, separated by a junctional gradient zone similar to that modeled above. We consider two domains of uniform L 1 or L 2 concentration as illustrated in Fig. 5 , with L 1 and L 2 gradients (n ϭ 3) in a junctional region between the domains. The concentration of ligands L 1 and L 2 in the uniform fields is set at 2 k d . As above, we evaluated ⌬LR * total at equilibrium as a function of position for a cell expressing desensitizable receptors R1 and R2. When R1 ϭ R2 ϭ 40,000, ⌬LR* total exceeds the threshold for orientation in the left and right sides of the junctional zone; thus randomly migrating cells in either domain would ultimately be targeted to the junctional region. If R1 ϭ R2 ϭ 15,000, however, ⌬LR* total remains below the threshold at all positions, implying that cells would have access through random motility to the entire field. On the other hand, if R1 ϭ 40,000 or more and R2 ϭ 15,000, cells will be captured by the uniform L 1 domain, accessing the uniform L 1 domain and the junctional region but being excluded from the uniform L 2 domain. Whereas desensitizing receptors thus permit regulated targeting and Fig. 2 . ⌬LR * total at equilibrium are compared as a function of position. The shaded area in B highlights ⌬LR* total levels below the threshold for orientation, set at Ϯ10. A, The cell is allowed to express 2 or 4 times more desensitizable surface receptors R1 to L 1 than desensitizable receptors to L 2 (normal R1 and R2; R1 ϭ 2R2 or R1 ϭ 4R2. R2 is fixed at 50,000). In competing gradients, the equilibrium position shifts significantly toward the L 1 gradient, for which the cell expresses more receptors. B, Enlarged view comprising the target zone where the signals from the two agonists are balanced, resulting in no net orientation (⌬LR* total Ͻ threshold). The target zone (i.e., the region of probable random migration, indicated by parentheses) shifts toward L 1 when R1 level increases. C, If R2 is nondesensitizable, changes in R1 levels have no effect on orientation. D, If both receptors are nondesensitizable, receptors numbers dramatically shift the position of unstable equilibrium of signals, but cells are predicted to migrate to one agonist source or the other. Same as in Fig. 2 , orientation (arrows), target zones (dashed lines), and zones of unstable random migration (asterisks) are summarized above the plot, and highlight the differences in predicted cell behaviors induced by wild-type vs nondesensitizable receptors.
positioning between chemoattractant-defined microenvironments as a function of modest changes in receptor levels, nondesensitizable receptors would force cells to migrate to one domain or the other (as implied by Figs. 2, B and C, and 4, C and D) ; repositioning in this instance would require a nearly complete downregulation of the restricting receptor for the initially targeted agonist.
Together, these results support a critical role for mechanisms of homologous receptor desensitization in cell orientation and positioning in the context of competing gradients and attractant-defined microenvironments.
Discussion
In this paper, we modeled the role of ligand-induced homologous receptor desensitization in cell gradient sensing in conflicting gradients. The modeling results suggest that ligand-induced homologous receptor desensitization is important for cells to integrate signals from different chemoattractants: desensitization allows cells to preferentially respond to distant or newly emerging agonist sources in the presence of competing ligand gradients, and to undergo repositioning in complex attractant fields in response to modest changes in receptor numbers. The results derived from these studies provide a molecular explanation for previous studies of the experimental behaviors of neutrophils in competing chemoattractant gradients, and support the multistep model of chemotactic navigation (11, (13) (14) (15) (16) . Moreover, they provide a potential explanation for the evolutionary conservation and universal expression of mechanisms of homologous receptor desensitization by G-protein-coupled chemoattractant receptors.
In our model, nondesensitizable receptors mediate effective cell chemotaxis to single ligand gradients, a prediction that is consistent with experimental chemotaxis studies that have examined the effect of several nondesensitizable chemokine receptor mutants (18, 19) . In addition, not unexpectedly, our modeling predicts that nondesensitizing ligands dominate cell orientation when in direct competition with a desensitizing attractant. However, the results emphasize further that cells expressing nondesensitizable receptors are unable to integrate attractant signals, fail to navigate effectively in complex gradient environments, and will become trapped by local agonist sources.
Numerous settings in which multiple chemoattractants contribute in a complex manner to cell migration have been reported. For example, the neutrophil chemoattractants IL-8 and LTB 4 both contribute to neutrophil recruitment to the airways in chronic obstructive pulmonary disease (30) ; chemokines CXCL12, CXCL13, CCL19, and CCL21 all contribute to regulate B cell homing to lymph nodes and Peyer's patches, including recruitment from the blood following by chemotaxis into the follicular zones (31, 32) ; CCL17 and CCL27 participate in memory T cell homing to the skin, and CCL27 is then thought to recruit subsets of T cells to the , When the cell expresses 40,000 wild-type receptors of both R1 and R2, orientation (⌬LR* total ) signals are predicted to target it to the junctional region. If R1 and R2 are reduced to 15,000, the orientation of the cell is below the threshold at all positions and thus the cell will have random access to both uniform L 1 domain and uniform L 2 domain and the junctional region. If only one receptor (R2 illustrated here) is reduced to 15,000 and R1 remains at 40,000, then a cell wandering into the junctional region will be preferentially directed toward uniform L 1 domain; at long time points therefore cells will be restricted to the L 1 domain. As for earlier figures, orientation (arrows), target zones (dashed lines), and zones of unstable random migration (asterisks) are indicated above the plot, and summarize the ability of modest changes in receptor numbers to control cell positioning and access to attractant-field defined microenvironmental domains. The schematics illustrate the predicted differential targeting in the context of two adjacent chemoattractant-defined domains as a function of receptor expression levels.
epidermis (33) (34) (35) . The chemokine receptors involved in these events are universally sensitive to homologous ligand desensitization, a fact that our study suggests may be essential to the successful step-by-step migration of cells in these complex situations.
A particularly well characterized example is the finding that the balance of receptor expression for B cell zone chemokines (CXCR5 for the follicular chemokine CXCL13) and T cell zone chemokines (CCR7 for T zone chemokines CCL19 and CCL21) controls the positioning of Ag-engaged B cells at the T cell zone border (12) . As shown in our model, such balanced integration of conflicting signals requires mechanisms of homologous desensitization: desensitization allows cells to migrate down a local attractant gradient in response to a distant one. This in turn allows cells ultimately to seek an intermediate position between two chemokine sources, rather than becoming trapped by a local high chemokine concentration. The levels of receptors expressed then will determine whether the cell moves more toward one environment or the other; as we have shown, modest changes in relative receptor levels can target cells to one or another adjacent chemoattractantdefined microenvironment domain. In the context of B cell positioning, resting B cells normally express both CXCR5 and CCR7, yet they selectively occupy B cell follicles, sites of stromal cellbased CXCL13 production. Ag activation induces a 2-to 3-fold increase in CCR7 expression, associated with a shift of the equilibrium position of B cells from a dispersed distribution within the follicle to the junctional region between the B cell zone and T cell zone (B/T junction); this is presumed to enhance interactions between B cells and T cells required for the immune response (12, 36) . In a parallel but opposing manner, although many memory T cells (e.g., most central memory cells in human tonsils) like naive B cells coexpress CXCR5 and CCR7 (37) , most resting CXCR5 ϩ T cells are found in the T cell zone; in this case, activation causes down-regulation of CCR7 on a subset of T cells, which then home to the B cell follicles where they support the B cell germinal center response (36, 38) . Our model raises the additional possibility that CXCR5 ϩ CCR7 ϩ resting memory T cells can in fact access both T and B zones, migrating randomly between them until receiving a specific signal to alter expression levels of one or the other receptor. We imagine that in the physiologic setting of lymphoid tissue microenvironments, the follicular chemokine CXCL13 and the T cell zone chemokine CCL19, which are expressed by dispersed stromal cells in these microenvironments, are likely to be present as qualitatively uniform fields in the follicles and T cell zone, respectively, and that a steep competing gradient of the two ligands is present at the B/T junction. Our modeling of cells expressing normal receptors in competing gradients separating uniform attractant fields show that modest changes in receptor expression levels have the potential to determine whether a cell occupies one or another domain, or instead is targeted to the junctional region, just as in the examples of lymphocyte targeting in vivo. Key features of the model of cellular orientation required for this behavior include not only homologous receptor desensitization, but also the existence of a threshold level of differential receptor occupancy (between the front and back of the cell) below which the cell migrates randomly.
Last, we discuss the basis and limitations of our model. In our model, parameter values such as the total receptor number (50,000 in most of our analyses), the dissociation constant (4.4 nM), and other kinetic rates are adapted from experimental studies of formyl peptide receptors on neutrophils (25, 28, 29) . The values of some key parameters are similar in other chemoattractant receptor systems as well (e.g., 75,000 total receptors and k d ϭ 4 nM for chemokine IL-8 on human neutrophils). In our model, changing the total receptor number or k d alone by up to 10-fold does not alter the fundamental importance of homologous receptor desensitization for cell positioning in competing gradients as shown in our examples. Recycling of desensitized receptors, however, is required to maintain sufficient signaling receptor-ligand complexes at equilibrium for orientation in our model, and the relative rate of receptor internalization and recycling compared with receptor desensitization will affect cell orientation as shown in Fig. 3 , B and C; if insufficient unoccupied receptors are recycled to the surface, the cells lose the ability to orient at equilibrium. Similarly, the rate of receptor desensitization relative to receptor internalization and recycling is also important for robust orientation to the distant gradient in competing gradients. The threshold of signaling receptor occupancy difference required for chemotactic orientation is set to 10 in our model based on 1) the minimal receptor occupancy difference (ϳ10) calculated to be required for orientation by neutrophils, which can chemotax directionally in response to a ϳ1% ligand concentration difference across the cell length (26); and 2) considerations mentioned above regarding predicted stochastic fluctuations in receptor-ligand binding near the k d (27) . The physiologic threshold for effective orientation is likely to be influenced by a number of factors, including the k d of the receptor, the local ligand concentration (determining the number of receptors remaining on the cell surface, as well as the level of stochastic variation in receptor-ligand complexes), and the dimensions of the cell. Moreover, a physiologic threshold is not expected to be absolute as modeled here; the efficiency of orientation is not a step function but rather would improve as ⌬LR* increases until an optimum is achieved.
The ligand gradient in our model is generated by a power function and a nonlinear profile is chosen with n ϭ 3, so that agonist concentration changes with the cube of the distance. This profile is an approximation of the nonlinear gradients generated in some in vitro migration assays (e.g., the under agarose assay; see Refs. 11 and 14 or the micropipette-based assay; see Ref. 39) . L max for simple gradient modeling is set arbitrarily at 17.6 nM so that the mean concentration in the gradient region modeled equals the k d (4.4 nM). Additionally, we consider that nonlinear gradients are likely to be the rule in vivo. In the simplest in vivo scenario, a single cell produces a finite amount of freely diffusing ligand at a constant rate into an environment, resulting in concentration decreasing nonlinearly as a function of the distance from the cell. If, as is likely, the ligand is degraded everywhere with first order kinetics, nonlinear gradients with n Ͼ 2 will be expected. In addition, most chemokines bind with low affinity to glycosaminoglycan on cells and in tissue stroma. Reversible interactions with stromal elements are expected to have the effect of steepening gradients even further. For these reasons, we chose to focus on a gradient with a nonlinear profile as presented rather than modeling the gradient based on free diffusion as such a gradient will become uniform or linear at equilibrium. Quantitative aspects of cell orientation in competing gradients may also be sensitive to gradient profiles, but this issue is not addressed here.
Previous studies have shown that there is an intracellular signaling hierarchy in which end-target chemoattractants such as C5a and fMLP dominate host-derived chemoattractants such as IL-8 and LTB 4 in attracting neutrophils in competing gradients, an effect mediated by heterologous receptor desensitization and/ or, as shown in recent studies, by alterations in intracellular orientation signals used by host chemokines (11, (13) (14) (15) . Because heterologous receptor desensitization in essence eliminates the contribution of the competing distant host ligand, orientation in this context is equivalent to orientation to a single local ligand gradient. Thus we have limited our modeling here to host-derived non-cross-desensitizing chemoattractants, which trigger common downstream signaling pathways in cells through their binding receptors.
In addition, our model is limited to chemotactic orientation and does not describe cell migration. Numerous studies indicate that, regardless of gradient configuration and even in uniform ligand fields, cells are motile when in the presence of ligand. Thus, orientation as modeled here would determine the direction of this continuous migration, and regions in which there is insufficient ⌬LR* to support orientation are considered zones of random migration. Furthermore, we consider only fixed 1-D ligand gradients and point cellular units, avoiding complications such as time-dependent gradient shape and ligand concentration, and diffusion of receptors on the cell surface. Ligandinduced receptor modifications at the front and the back unit are considered local events as well. Although this is probably a simplification of the reality of receptor cycling during which signaling events may influence preferential receptor cycling to the front of the cell (40), we consider that there is not adequate data available on this point for modeling. Moreover, the effects of preferential recycling to the front would be to enhance orientation at equilibrium and thus would not alter our conclusions qualitatively.
In summary, the current model provides a theoretical framework that has allowed us to consider the role of ligand-induced homologous receptor desensitization in cell gradient sensing in competing ligand gradients. Our results suggest a critical role for liganddependent receptor desensitization in the orientation and positioning of cells in complex physiologic settings.
